We continue our previous study on what are the allowed forms of quark mass matrices in the Randall-Sundrum (RS) framework that can reproduce the experimentally observed quark mass spectrum and the CKM mixing pattern. We study the constraints the ∆F = 2 processes in the neutral meson sector placed on the admissible forms found there, and we found only the asymmetrical type of quark mass matrices arising from anarchical Yukawa structures stay viable at the few TeV scale reachable at the LHC. We study also the decay of the first Kaluza-Klein (KK) excitation of the gluon. We give the decay branching ratios into quark pairs, and we point out that measurements of the decay width and just one of the quark spins in the dominanttt decays can be used to extract the effective coupling of the first KK gluon to top quarks for both chiralities. This provides further probe to the flavour structure of the RS framework.
I. INTRODUCTION
The use of the warped extra-dimensional model of Randall and Sundrum (RS) [1] as a framework for flavour physics has garnered a lot of attention ever since the model's introduction. By implementing the split fermion scenario [2] , the hierarchy in the Standard Model (SM) fermion masses can be understood geometrically in terms of the different localization of the SM fermions in the extra dimension [3] . In such a set-up, the different fermion masses can be obtained without fine tuning the Yukawa couplings, in contrast to the usual four-dimensional theories.
Having fermions propagating in the extra dimension requires that the SM gauge symmetry be promoted to a bulk symmetry. Constraints then arise because of the electroweak precision tests (EWPTs). In particular, for the simplest model with just the SM gauge group SU(3) c × SU(2) L × U(1) Y , constraints on the S and T parameters and the Zbb couplings are found to be difficult to satisfy without fine tuning. Since an SU(2) R symmetry is instrumental in ensuring the very accurate relation ρ = 1 in the SM, a natural way to satisfy the EWPTs would be to promote the SU(2) R to a bulk gauge symmetry, and this was done in [4] . 1 In this work, we continue our study that began in Ref. [6] of the forms of quark mass matrices admissible in a minimal RS1 setting with custodial symmetry that can fit all the experimental data in the quark sector without having hierarchical Yukawa structures. It is well known that tree-level flavor changing neutral current (FCNC) interactions are generic in the RS flavour models. Processes mediated by the Kaluza-Klein (KK) excitations of the gauge bosons -in particular that of the gluons -can give rise to large FCNC effects, which are tightly constrained by the many low energy measurements in the neutral meson sector such as ǫ K and B 0 q -B 0 q transition (q = d, s). We study in this work the impact these ∆F = 2 FCNC constraints have on the admissibility of the forms found in Ref. [6] . In particular, as these FCNC constraints place stringent limits on the lowest KK gauge boson mass, m (1) gauge , which sets the scale of new physics (NP), we investigate which of the forms of the quark mass matrices can satisfy all the FCNC constraints at an NP scale reachable by the LHC.
Since the dominant contribution to the FCNCs comes from the KK gluons in the setting we 1 Although having the custodial symmetry is still the surest way to satisfy the EWPT constraints, Ref. [5] has reported recently that they may also be satisfied by having a heavy Higgs boson alone. study 2 , we concentrate on their effects below.
The paper is organized as follow. In Sec. II, we give a brief outline of the minimal custodial RS (MCRS) model studied to set the notation. In Sec. III, we study in the MCRS model the impact of FCNCs mediated by the tree-level exchange of KK gluons have on the ∆F = 2 processes in the meson sector. These place constraints on the scale of new flavour physics.
In Sec. IV, we evaluate the contribution due to the KK gluon exchanges in the neutral B-meson observables, and we calculate the branching ratios of the first KK gluon decaying into a pair of quarks. We point out that measuring even just one of the quark spin, such as in top decays which are the dominant decay mode, can be very useful in distinguishing the different models in the RS framework. We conclude in Sec. V. Appendix A contains asymmetrical quark mass matrices that are typical representations of the families of the admissible asymmetrical forms used in this work. In Appendix B, we show that with the fermion representation we use in this work, the electroweak contributions neither displace the dominance of the KK gluon contributions, nor cause the current FCNC bounds to be violated if they are included as well.
II. THE MCRS MODEL
In this section, we describe briefly the basic set-up of the MCRS model to establish notations (see also Ref. [6] ) relevant for studying the flavour changing processes in the meson sector. A more complete and detailed description can be found in, e.g. Ref. [4] .
The MCRS mode is formulated on a slice of AdS 5 space specified by the metric
where σ(φ) = kr c |φ|, η µν = diag(1, −1, −1, −1), k is the AdS 5 curvature, and −π ≤ φ ≤ π.
The theory is compactified on an S 1 /(Z 2 ×Z ′ 2 ) orbifold, with r c the radius of the compactified fifth dimension, and the orbifold fixed points at φ = 0 and φ = π correspond to the UV (Planck) and IR (TeV) branes respectively. To solve the hierarchy problem, kπr c is set to ≈ 37. The warped down scale is defined to bek = ke −kπrc . Note thatk sets the scale of the first KK gauge boson mass, m
gauge ≈ 2.45k, which determines the scale of the new KK physics.
The MCRS model has a bulk gauge group SU(3) c × SU(2) L × SU(2) R × U(1) X under which the IR brane-localized Higgs field and transforms as (1, 2, 2) 0 . The SM quarks are embedded into SU(2) L × SU(2) R × U(1) X via the five-dimensional (5D) bulk Dirac spinors
where Q i transforms as (2, 1) 1/6 , and U i , D i transform as (1, 2) 1/6 . The parity assignment ± denote the boundary conditions applied to the spinors on the [UV, IR] brane, with + (−) being the Neumann (Dirichlet) boundary conditions. Only fields with the [+,+] parity contain zero-modes that do not vanish on the brane. These survive in the low energy spectrum of the 4D effective theory, and are identified as the SM fields.
A given 5D bulk fermion field, Ψ, can be KK expanded as
where subscripts L and R label the chirality, and the KK modes f n L,R are normalized according to 1
The KK-mode profiles are obtained from solving the equations of motion. For the zeromodes, the RS flavor functions are given by
where the c-parameter is determined by the bulk Dirac mass parameter, m = c k, and the upper (lower) sign applies to the LH (RH) label. Depending on the orbifold parity of the fermion, one of the chiralities is projected out.
After spontaneous symmetry breaking, the Yukawa interactions localized on the IR brane lead to mass terms for the fermions on the IR brane
where v W = 174 GeV is the VEV acquired by the Higgs field, and λ
are the (complex) dimensionless 5D Yukawa coupling matrices. For zero-modes, this gives the mass matrices for the SM quarks in the 4D effective theory
where the label f denotes up-type or down-type quark species. The up and down mass matrices are diagonalized by a bi-unitary transformation
where m u,d i are the masses of the SM up-type and down-type quarks. The mass eigenbasis is then defined by ψ ′ = U † ψ, and the CKM matrix given by In the gauge (weak) eigenbasis, the coupling of the n-th level KK gluon, G (n) , to zeromode fermions is given by
where i is a generation index, and (g
) is the weak eigenbasis coupling matrix with
Here, g 5s is the bulk 5D SU(3) gauge coupling, g s that in the SM, and χ n the profile of the n-th KK gluon. Note that the matching relation between g 5s and g s can be changed by the presence of localized brane kinetic terms. As in Ref. [9] , we have chosen here and for the analysis below UV boundary terms such that the bare kinetic terms cancel exactly the contribution coming from the one-loop running. The IR brane kinetic terms are small and can be neglected.
Going to the mass eigenbasis
where
The off-diagonal couplings (ĝ n f ) ab appear because the diagonal weak eigenbasis couplings, g
, are not all equal.
In order to compute the coefficients of the effective four-fermion operators arising from the tree-level KK gluon exchanges, one has to perform (in the mass eigenbasis) sums of the
where m n is the mass of the n-th KK gluon, and ω, ξ label the chirality. The sum over the KK gluon tower can be efficiently calculated with the help of the massive gauge 5D mixed position-momentum space propagators [4, 7, 8] 3 . It can be computed in terms of the overlap integral,
whereG (++) p=0 is the zero-mode subtracted gauge propagator evaluated at zero 4D momentum, and is given by [8] 
3 See also Ref. [9] for an equivalent way of summing up the gluon KK tower.
The sum over the KK tower is then given by
The most general effective Hamiltonian for the ∆F = 2 processes beyond the SM can be written as
where Λ is the scale of new physics (NP), and 
Note that here the NP scale is the scale where the KK excitations first come in, hence
Recently, a model independent global analysis of the physical observables in the ∆F = 2 processes have been performed by the UTfit collaboration [11] . Bounds on the NP scale
Wilson coefficients C i (Λ) above have been found with the Renormalization Group evolution fully taken into account. Given these bounds, an immediate question with regard to the admissible forms of quark mass matrices found in Ref. [6] is whether they remain viable, as they govern the form of the rotation matrices, U ω , that determine the Wilson coefficients in the MCRS model (see Eqs. (16) and (19)).
Two types of mass matrix structures were found in Ref. [6] that reproduce well the observed patterns of quark masses and CKM mixings, and are compatible with non-hierarchical and perturbative Yukawa structures (|λ 5 | < 4 [12] ) in the RS framework. In one type, mass matrices have a symmetrical texture that is a slight deformation of the ansatz proposed by
Koide et. al. [13] . In the other, there are no symmetries a priori. The form of the mass matrices is characterized by the localizations of the fermions in the 5D bulk that are admissible under the electroweak constraints, and each particular realization of the form arise from Yukawa structures that are completely anarchical. For each type of the quark mass matrices, we calculate below the resulting Wilson coefficients for the ∆F = 2 processes due to KK gluon exchanges, and we compare them to the UTfit bounds.
For the symmetrical Koide-type form of quark mass matrix, we begin by focusing on the kaon sector where the constraints are most stringent [11] . At Λ = 4 TeV, while the imaginary part of the resulting kaon sector Wilson coefficients are all very much smaller than the bounds listed, we find the real parts are all larger than the respective bounds by three orders of magnitude. As a result, insisting that the symmetrical type pass the UTfit bounds would require one to push the NP scale up to O(100) TeV 5 .
For asymmetrical forms, we demonstrate that each of the asymmetrical configurations discussed in Ref. [6] remain viable at the few TeV scale. In Table I, Note that in Table I , only one of the many admissible solutions we found are given 5 As can be seen from Eq. (13) for each asymmetrical configurations. Moreover, the configurations of fermion localizations themselves are just three of many that we found which lead to admissible solutions. Indeed, we have found that parameter space generically exists in the RS1 setting where quark mass and mixing data and ∆F = 2 FCNC bounds can be satisfied at the few TeV scale with asymmetrical quark mass matrices that arise from underlying anarchical Yukawa structures.
This does not, however, contravene the conclusion reached in Ref. [9] that a KK scale of 10 to 20 TeV is necessary to satisfy the ∆F = 2 FCNC constraints in the kaon sector. The higher NP scale is required if one wants to ensure that the FCNC bounds is generically satisfied for any given quark mass matrices that give the pattern of the observed quark mass hierarchy and CKM mixings. Our point here is that a subset of these consisting of asymmetrical quark mass matrices exists such that the experimental quark masses and mixings are reproduced to a high accuracy, and at the same time the lower, few TeV scale is still viable. 6 We emphasize here that this subset does not contain isolated singular points in the parameter space, but generic solutions throughout all the parameters space.
Now one may worry that radiative correction may spoil our results, as there are loop induced corrections to the brane localized Yukawa couplings, and loop induced brane kinetic mixing terms that can introduce additional flavour violations. This is however not so. First, we are not calculating theoretically the Yukawa couplings in the RS framework; to do that requires a UV completion of the theory. There will be radiative corrections to the Yukawa matrices, but they will not change the form of the 4D effective mass matrices given in Eq. (7) even if it is derived at tree-level. Thus if the physical (or renormalized) Yukawa matrices take any of the forms that we found, the FCNC bounds will be satisfied, the form of the mass matrices we give should therefore be viewed as "physical" and the corresponding Yukawa matrices renormalised. Next, the brane kinetic mixings, which is loop suppressed, lead to a correction to the gauge-fermion couplings of order δ ∼ |λ 5D | 2 /4π 2 as can be estimated from NDA (naive dimensional analysis) [15] . In the search for solutions, we have set |λ 5D | 2, NP) amplitude to the SM one [11] 7 :
The SM amplitude arise mainly from the one-loop box diagram, which is dominated by the top quark exchanges. It can be written as
where η B = 0.552 is a short distance QCD correction [17] , and S 0 is an "Inami-Lim" function [18] with m t (m t ) = 163.6 GeV [19] . We take for the CKM mixings [16] 
for the decay constants [20] 
and for the renormalization invariant bag parameter [21] 
All other input parameters take their values from the PDG [22] .
In the MCRS model, the NP contribution to the ∆B = 2 transition amplitude is dominated by the tree-level exchanges of KK gluons, as the coupling strength for the strong interactions is much larger than that for the electroweak interactions. Evolving down from the NP scale Λ to the hadronic scale µ = m b , the KK gluon contribution is given by
are the Wilson coefficients at the hadronic scale, with C r defined similarly with the same coefficients as for C r , and m , and the operator matrix elements can be found in Ref. [23] 8 .
In Table II , we give the values of the parameters C q and φ q for each of the three asymmetrical configurations solutions used in Table. the UTfit values at 95% probability (and mostly at 68% as well; see Table 3 in Ref. [11] ) as expected, since the physical observables fitted here are the same that go into the analysis for the meson sector flavour bound on the NP Wilson coefficients listed in Table I . As above,
we have checked that the electroweak contributions is small -they are much less than the standard error given by the UTfit collaboration at 68% probability -and do not cause large shifts that would violate the UTfit bounds. We note for the configurations of solutions given here, KK gluons are not manifest in the B 0 q -B 0 q mixing, and the SM effects are expected to be dominant.
B. KK gluon top decays
In RS models, a distinguishing property of the KK gluons is that their couplings to the LH and RH fermions (in the mass eigenbasis),ĝ L andĝ R , are in general not the same. For all the asymmetrical quark mass matrix solutions that we found, this is true. To test this experimentally, one way is to measuring both the decay width and the spin of the top in the decays of gluons into top pairs as we show below. We will also be concentrating on the first KK gluon, G (1) , which has the highest potential of being within the reach of the LHC.
As G (1) couples strongly to states localized near the IR brane, and the large top mass requires that either Q 3 or t R be IR localized, top decays are expected to be dominant modes of decay. The partial width of G (1) decaying into quarks in the mass eigenbasis,q a q b , can be written as
where m 1 is the mass of G In Table III , we give the branching ratios of G (1) into top, bottom, and all other modes involving at least on light quark (jets) for the same three asymmetrical solutions. the three asymmetrical configurations given in Ref. [6] . The term "light quarks" here denotes all modes (flavour changing included) that involve at least one light quark (jet).
We see from Table III that most decays are into top pairs, with negligible fraction into light quarks. Compared to Ref. [26] (see Table I ), the branching ratio into top pairs from each of our asymmetrical configurations is slightly lower at about 80% instead of around 90%, which is due to the difference in the quark mass matrices and the localization parameters used. Note that the branching ratios are stable across the different configurations. This is because the couplings of KK gluons to quarks are dominated by that to the third generation quarks, which varied little across the configurations. It is thus fairly robust that in the RS scenario, the KK gluon will decay predominantly into top pairs, and then into b-jets with a much smaller, but non-negligible rate. Other light quark modes are negligible and certainly no leptons. However, as can be seen from Eq. (28), the top pair width is not small as Γt t /m 1 ∼ 0.2. Thus looking for signals in the resonant productions will require good top identification. Detail discussions of the discovery potential at the LHC can be found in
Ref. [26] . We note that the bottom mode should not be overlook and can be used as a check if not the primary discovery tool.
If a KK gluon is found at the LHC, it will certainly be important to measure the spin of the top in itstt decays. The differential decay rate with only one of the top spin measured but with the other top spin summed over is given by
with s the measured top spin three-vector, and p the three-momentum of the same top quark in the rest frame of G (1) . From this we see that a measurement of the angular dependence together with the decay width can allow one to extract outĝ L andĝ R . The feasibility of doing this at the LHC requires detailed numerical simulations which are beyond the scope of the present work (see Ref. [27] for work in this direction).
V. CONCLUSION
Previously in Ref. [6] we have studied the phenomenologically allowed form of quark mass matrices in the MCRS model, and we have found admissible both a symmetrical form, and many distinctive asymmetrical configurations with Yukawa structures non-hierarchical and anarchical that satisfy all EWPTs. The benchmark warped down scale was chosen at k = 1.65 TeV implying an equivalently NP scale of Λ = 4 TeV, since a higher scale will prevent the KK gauge bosons being detectable at the LHC initially at least. A much higher scale will also create its own hierarchy problem which one would like to avoid. We continue the study in this work the constraints that ∆F = 2 processes in the neutral meson sector impose. We found from these constraints that for the symmetrical mass quark matrices, the viable scale is pushed up to O(100) TeV. However, for the asymmetrical quark mass matrices, Λ = 4 TeV is still viable. This is a consequence of the fact that in the asymmetrical cases there is freedom in the LH and RH rotations being very different -rather than being locked into a specific pattern as in the symmetrical case -which can supply the suppression required to pass the meson sector ∆F = 2 constraints. This underscores the importance of the quark mass matrices in the RS framework both phenomenologically and theoretically for identifying any family symmetries that may be hidden.
At the Λ = 4 TeV scale, discovery of the first KK gluon state at the LHC is possible.
This can be achieved through a resonance search in thett channel which we predict to have a branching ratio of ≈ 0.8. Note that the dominance of thett decays is a characteristic of the RS1 scenario. Thebb mode has a branching fraction of about 0.15, and should not be overlooked. This mode consists mainly of LH pairs because b L is an SU(2) partner to t L , which has a large overlap with G KK . Thus this channel can be useful as a diagnostic tool if the expected background can be handled. All other decay modes involving light quarks are negligible. Finally, if one can also measure in thett decays at least one of the quark spins, it will help to unravelĝ L andĝ R , and provide further an invaluable probing into the flavour structure of the RS scenario.
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APPENDIX A: TYPICAL SOLUTIONS FOR THE ASYMMETRICAL CON-FIGURATIONS
In this appendix, we give the details of the quark mass matrices of the typical solution used in Table I in each of the three asymmetrical configurations given in Ref. [6] . Although the bound on Zb L b L used there was that given in the PDG [22] , many generic solutions from generic configurations exist with localization parameters that can easily accommodate the more stringent bound found in e.g. Ref. [29] .
Parameterizing the complex 5D Yukawa couplings as λ 5,ij = ρ ij e iφ ij , admissible mass matrices of the forms given by Eq. (7) are found with ρ ij and φ ij randomly and uniformly generated in the intervals (0, 2) and [−π, π) respectively. In the following, we list the complex mass matrices in the form of M f = |M f |e iθ f , the magnitude and phase of the 5D Yukawa couplings, and the mass eigenvalues for both the up and down sector. All values are given to six significant figures. The mass eigenvalues agree with the quark masses at 1 TeV found in Ref. [19] to within two standard deviations quoted.
• Configuration I: The electroweak contributions to ∆F = 2 FCNCs come from the tree-level processes mediated by the KK photons, the Z boson, and the heavy Z ′ boson that arise due to the SU(2) R in the MCRS model [4] 9 . As we show below, the electroweak contributions are small due to the suppression of the (much) smaller electroweak interaction strength relative to that of the strong interaction (at the NP scale Λ).
The electroweak gauge bosons contribute to the ∆F = 2 processes in two ways. They contribute either directly through the four-fermion process analogous to that in Fig. 1, or they modify the gauge-fermion vertex through mixings with gauge and fermion KK modes as discussed in Ref. [6] . In the former case, all electroweak gauge KK modes can contribute, while the latter only happens via the mixing of the Z zero mode with the Z ′ KK modes and the KK fermions. coefficients (no colour factor 1/3), the interaction strengths, and gauge boson wavefunctions:
where A = γ, Z, Z ′ . Note that without the colour structure, there is no electroweak contribution to the Wilson coefficient C 4 at tree-level.
For the photon and the Z (and their respective KK excitations), their couplings to the fermions are the same as in the SM. For the Z ′ , its coupling to the fermions depends on g R , the gauge coupling constant of SU(2) R . Since it is commonly assumed in the literature that the coupling constants of SU(2) L,R are equal, for the purpose of comparison we take
with the usual definitions g Z = e/(sc), s = e/g L , and c = √ 1 − s 2 .
In Table IV , we list the ratio of electroweak contribution to the Wilson coefficients at Λ = 4 TeV to that due to KK gluons alone for each source of the direct electroweak tree-level four-fermion processes. Note that because the difference between the overlap integrals for Table IV are essentially just that of the respective charge factors and electroweak gauge coupling constants. Note also that the total electroweak contribution for up-type and down-type quarks are the same, and that for C 1 and C 1 are the same. This can be seen most easily in the gauge interaction basis where the magnitude of the gauge charges are the same for both up-type and down-type quarks, and the SU(2) L,R quark quantum numbers are the same. Since the direct processes depend on the square of the gauge charges, the conclusion follows.
We remark here that the contributions to the Wilson coefficients due to KK gluon and KK photon are universal for all RS models with bulk fermions, but those due to Z and Z ′ are not. This is because the coupling of the Z and Z ′ to fermions depend on the representation in which the fermions are embeddd in the gauge group of the model. Throughout this work and in Table IV , the bulk fermions are embedded such that the SM LH doublets (singlets) are SU(2) R singlets (doublets) so that they have SM quantum numbers (see Eq. (2)). However, ratios different from those listed in Table IV this representation because only Q ′ Z is sensitive to the different assignment of the SU(2) R quantum numbers.
For the electroweak contributions due to mixings, the effects are no longer universalthe suppression factors are no longer determined by the electroweak charges and coupling constants alone -as there is now dependence on the fermion localization parameters and the quark mixing matrices. However, they are generically expected to be small as they are O(v 4 /Λ 4 ) compared to the direct contributions 10 , although non-generic enhancement may happen depending on the particular quark mixing matrices involved, which typically do not exceed O(0.01) of the KK gluon contributions. We have checked in each case that the combined effect of the direct and mixing electroweak contributions do not appreciably alter the KK gluon contributions to the Wilson coefficients, and that they are still well within the UTfit bounds.
